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Abstract 
 
Soil bacteria live in complex communities that include bacteria, fungi, and plants, collectively 
referred to as the soil microbiome. Bacterial survival and behavior depend on the local 
microenvironments of each cell within the microbiome. For example, neighboring cells of two 
different bacterial species can communicate via the production and sensing of secreted 
compounds. Many such interactions are poorly understood. Here, I explored the molecular 
identity of secreted bacterial signaling compounds that elicit changes in secreted metabolite 
production. I first constructed luminescent transcriptional reporters for the production of several 
characterized secreted compounds, using Bacillus subtilis as a model organism. A liquid-based, 
96-well-plate format was used to test the response of these reporters to a large collection of 
cell-free conditioned media generated from monocultures of environmental bacteria. Each 
luminescent reporter had different expression kinetics, which led to challenges when choosing a 
control for comparative purposes. After assay optimization and hit identification, conditioned 
media that elicited metabolite production will be fractionated to isolate and identify the 
compound(s) responsible. This work thus establishes an approach to study the roles of key 
metabolites with potential signaling roles within microbial communities. Understanding these 
complex interactions has implications not only for the soil microbiome, and thus agriculture, but 
also for the microbiomes of the intestine and other organs crucial for human health. 
 
 
1. Introduction 
 
Soil bacteria live in complex microbial communities where they often come in contact 
with other organisms. These soil microbes can secrete a range of compounds that can affect 
the physiology and behavior of their neighbors1,2. These molecules are often classified as 
“specialized metabolites," which are small molecule metabolism products that are not directly 
necessary for viability but may contribute to  fitness and competition with other species. Due to 
the complexity of the soil microbiome, we still do not fully understand the myriad of interactions 
potentially occurring between soil bacteria in regards to these specialized metabolites. The 
permutations of interactions among associated species are innumerable, and consequently, 
many interspecies interactions are not fully characterized. Many of the metabolites secreted by 
bacteria have not yet been identified, and those that have been structurally characterized still 
may have unknown effects on other organisms3,4 or be produced in response to unknown cues.  
To combat microbial infections, one class of naturally occurring metabolites, commonly 
referred to as antibiotics, are used at high concentrations to cause antibacterial or antifungal 
effects5. At sub-lethal concentrations, some of these metabolites act as signaling molecules and 
 consequently influence the behavior, physiology, and metabolism of other microbes6,7. The 
release of antibiotics and other signaling molecules from microbes results in a web of complex 
microbial interactions that form dynamic community structures. For some antibiotics, the 
subinhibitory effects are starting to be uncovered8. A more complete understanding of the 
effects of antibiotics at their natural concentrations might have potential applications in the 
medical and agriculture industries even when used at artificially high concentrations. 
The production of specialized metabolites can be activated by external stimuli such as 
molecules secreted into the environment by nearby organisms. My research project was aimed 
at investigating how such signaling interactions between microbes induce the production of 
specialized metabolites. To explore this, I constructed a series of transcriptional reporters in the 
Gram-positive model organism Bacillus subtilis. B. subtilis is a powerful model for this study due 
to their responsiveness to environmental factors which can lead to phenotypic changes such as 
differentiation into distinct cell types (such as those that swim, form biofilms, or form spores, 
among others9) and secretion of specialized metabolites10. Some of these specialized 
metabolites are directly involved in B. subtilis cell-type-specific differentiation, while others are 
crucial for microbial community interactions such as nutrient acquisition or defense.  
Based upon the multitude of possible interactions to test, a high-throughput screen was 
a practical method to process many samples at once. The use of luminescent reporters allowed 
me to identify bacterial strains that activated production of specific metabolic genes. The 
reporter strains were used in a 96-well liquid-based screen where they were challenged with 
conditioned media from other bacterial monocultures. I designed the experimental procedure 
and optimized the timeframe for meaningful expression measurements, the concentration of 
nutrients in the wells, and the analysis of these results. Ultimately, the screen was able to 
identify some putative conditioned media that induced specialized metabolite production in B. 
subtilis.  
  
2. Methods 
 
2.1 Construction of luminescent reporters 
 
Overview 
The B. subtilis reporter strains I generated create a luminescent (light) signal when 
expression of specific genes is activated. Luminescence was chosen over fluorescence due to 
its transient expression, while fluorescent molecules have to accumulate over time. 
Luminescence therefore can be measured much sooner, which is useful for detecting the 
activation of a promoter whose expression is short lived. Additionally, while naturally occurring 
compounds are sometimes fluorescent, which can lead to background signals, they are rarely 
luminescent, reducing the background noise, and the chances of false positives. 
Luminescent reporter strains were made for six different metabolites (Table 1). The 
overall construction scheme involved PCR-amplifying promoter regions for various metabolite 
genes (the inserts) and ligating them into a doubly-cut plasmid backbone (the vector) so that 
they were driving production of luciferase (luxABCDE). All promoter regions were amplified from 
Bacillus subtilis 3610 wild-type genomic DNA (gDNA) by PCR using promoter-specific forward 
and reverse primers (Appendix Table 1) and a High Fidelity polymerase master mix 
 (CloneAMP). All subsequent PCR was performed using REDTaq® DNA polymerase (Apex). 
After restriction enzyme digestions, both plasmid backbones and inserts were purified (QIAquick 
Gel Extraction Kit); the doubly-cut plasmid backbones were treated with Antarctic Phosphatase 
to prevent recircularization of the plasmid; and the inserts and vectors were ligated using T4 
DNA Ligase, all using standard molecular biology protocols. 
 
Table 1. Strains created for screening protocol and designation of how they were made. 
Metabolite Function Promoter 
Region 
Created by  Plasmids 
used 
Amyloid fiber anchoring 
/ assembly protein 
Biofilm Formation PtapA Jamie Winshell 2 
Sublancin Antimicrobial 
glycopeptide 
PsunA Bryan Gerber 2 
Bacillibactin Siderophore / iron 
chelator 
PdhbA Bryan Gerber 2 
Bacillaene Antibiotic inhibiting 
bacterial protein 
synthesis 
PpksC Bryan Gerber 1 
Subtilosin Bacteriocidal 
against gram 
positive bacteria 
PsboA Bryan Gerber 1 
Plippistatin Lipopeptide 
antibiotic 
PppsA Bryan Gerber 1 
                                  
Two-plasmid and one-plasmid construction 
In the two-plasmid approach, the metabolite promoters were initially put into an 
intermediate plasmid backbone that contained only a tiny part of the luxA gene. More 
specifically, the intermediate plasmid was derived from pET-21a and contained the initial 259 bp 
of the luxA gene (made by Jamie Winshell, Shank lab). In the second step, a piece containing 
the promoter and the luxA fragment was excised from this intermediate plasmid and combined 
into pBS3Clux Δrfp to generate the final construct: the metabolite promoter driving expression of 
the complete luxABCDE operon. This approach was used because the pBS3Clux Δrfp plasmid 
containing the entire luxABCDE operon is very large (~10 kB) and we initially believed that the 
cloning would be more straightforward using a smaller vector backbone.   
For the first step of the two-stage construction, the inserts and intermediate vector were 
digested using EcoRI-HF and HindIII-HF, gel purified, and then ligated together. After 
transformation and confirmation of the presence and orientation of the insert, the assembled 
plasmids were isolated with a miniprep kit (QIAprep Spin Miniprep Kit). In the second step of 
 this approach, both the intermediate plasmids and the pBS3Clux Δrfp backbone were 
sequentially digested with EcoRI then BstEII, and then gel purified and ligated together. 
Due to an internal BstEII site in PpksC, the standard procedure was not viable with this 
reporter construct. In the modified one-plasmid approach, a direct insertion of PpksC into 
pBS3Clux Δrfp was successful by modifying the cut sites targeted from SalI instead of BstEII. 
Promoter regions and pBS3Clux Δrfp were digested using EcoRI-HF and SalI-HF, gel purified, 
and ligated together. This protocol was more efficient than the two-plasmid method, so it was 
used for PsboA and PppsA as well. 
 
Transformations and confirmations 
Each vector was transformed into competent Escherichia coli (Top 10) and plated on 
Lysogeny Bertani (LB) Lennox agar (15 g/L Agar, 10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L 
NaCl) containing 50 µg/ml carbenicillin. Colonies were screened for properly ligated vector by 
colony PCR. For the two-plasmid construction, confirmation for the first stage was performed 
using a promoter-specific forward primer and an internal pET-21a reverse primer 
(BstEII_Reverse), while after the second stage pBS3Clux_Forward and LuxC_Reverse were 
used. The one-plasmid constructs were screened using a promoter-specific forward primer and 
LuxA_Reverse. Colonies with properly sized bands were grown overnight in 5 mL Terrific Broth 
(TB) (12 g/L Tryptone, 24 g/L Yeast Extract, 9.4 g/L Potassium Phosphate Dibasic, 2.2 g/L 
Potassium Phosphate Monobasic, 4 mL Glycerol) and 50 µg/ml carbenicillin, then had their 
plasmids isolated with a miniprep kit. Final putative reporter plasmids were subjected to PCR 
with pBS3Clux_Forward and LuxC_Reverse primers, and bands of proper size were PCR 
purified and sent in for sequencing to confirm generation of the correct constructs. Although 
constructs for PbacA and PcomX were attempted, sequencing results suggested that the bacteria 
had incorrect constructs. 
 
Inserting Reporters into B. subtilis 168 
All plasmids with sequencing data that confirmed proper insertions were linearized using 
ScaI-HF. Competence was induced in the easily transformed laboratory strain B. subtilis 168 
using a one-step protocol as previously described11. Briefly, linearized plasmid was incubated 
with the cells for 2 hours, and then cells were plated on LB Lennox agar containing 5 µg/ml 
chloramphenicol. Double recombination insertion into the neutral sacA site was evaluated using 
colony PCR with pBS3Clux_Forward and LuxC_Reverse primers. 
 
Inserting Reporters into B. subtilis 3610 
To insert the reporter constructs into wild-type B. subtilis 3610, SPPI phage transduction 
was performed as previously described12,13. Briefly, the donor strain was grown in TY medium 
(LB, 10 mM MgSO4, 10 µM MnSO4) to an OD600 of 1-1.5. Next, 20 µL cells were incubated with 
100 µL diluted phage stock for 15 minutes at 37 °C, then mixed with 3 mL warmed TY top agar 
(0.5 % agar). This was spread onto TY agar plates and incubated overnight at 37 °C. Top agar 
was collected and centrifuged. MgSO4 and DNAse I were added to the supernatant to final 
concentrations of 10 mM and 25 µg/mL, respectively, and the solution was incubated for 5 
minutes at room temperature. The mixture was passed through a 45 µm syringe filter, a drop of 
chloroform was added to prevent growth, and stocks were stored at 4 °C. 
 B. subtilis 3610 was grown to stationary phase, diluted 1:10 in TY to final 10 mL volume, 
and then had 30 µL of phage added to it. The solution was incubated for 30 min at 37 °C and 
plated on Lennox LB agar with 5 µg/mL chloramphenicol and 10 mM citrate. The plates were 
grown overnight at 30 °C, and a few colonies were selected to be streaked on Lennox LB with 5 
µg/mL chloramphenicol agar plates 3 separate times to remove phage. Colony gDNA was 
checked with PCR using SacA_Forward and LuxC_Reverse, and properly sized bands were 
PCR purified and sent in for sequencing to confirm final product. 
  
2.2 Prepare Reporter Aliquots 
Reporter strains were streaked from frozen stocks stored at -80 °C onto LB Lennox 
plates and grown overnight at 30 °C. A series of serial dilutions were performed to reduce 
transcriptional background arising from growth on solid media. To do this, a 5 mL tube of LB 
broth was inoculated and grown rotating at 56 rpm at 37 °C. When at OD600 ~ 0.6, cells were 
diluted into 5 mL fresh LB to a final OD600 of ~0.02. This growth and dilution cycle was repeated 
a total of 3 times. For the final growth, a larger volume was used and cells were grown to an 
OD600 ~ 0.4. Glycerol was added to 15-20% (vol/vol) and aliquots of 500 µL were made in 1.5 
mL Eppendorf tubes then stored at -80 °C. 
  
2.3 Bacterial isolation and conditioned media creation 
The bacterial isolation and conditioned media generation were performed by Nik Stasulli, 
Ilon Weinstein, and Lizzy Ademski, all other members of or visitors to the Shank lab. Over 250 
bacteria were isolated from the interior of carnivorous pitcher plants Sarracenia flava and 
Sarracenia minor. These bacteria were individually resuspended to OD600 ~ 0.016 in 60 mL of 
0.5x ISP2 (2 g/L Yeast extract (Difco), 5 g/L Malt Extract (Difco), 2 g/L Dextrose) and grown in a 
150 mL baffled Erlenmeyer flasks at 28 °C. After 3 days of growth, 25 mL of each culture was 
collected, centrifuged at 4700 RPM for 12 minutes in a SorvallTM ST40R Centrifuge, and the 
supernatant was filtered through a Steriflip® (EMD Millipore) with a pore size of 0.22 µm. The 
media, henceforth called conditioned media, was aliquotted in 1 mL Eppendorf tubes and stored 
at -20 °C.  
In the process of growing and making specialized metabolites, bacteria use up the 
nutrients originally provided in the solution. Consequently, the final concentration of nutrients 
within this conditioned media was somewhere between the full-nutrient content of 0.5x ISP2, 
and no nutrient content. To create control media to compare the experimental media to, 0.5x 
ISP2 was also shaken in the 150 mL baffled Erlenmeyer flask at 28 °C and subsequently 
sterilized as above (“full-nutrient medium”). For the zero nutrient content control, sterilized H2O 
was used (“minimal-nutrient medium”). 
  
2.4 High-throughput liquid screen with fluorescent reporters 
The assay was performed in a total volume of 200 µl in 96-well plates with white opaque 
walls and clear, tissue-culture treated flat bottoms (Corning 3903 or Greiner Bio-One 655098) 
appropriate for luminescence reading. The 200 µL consisted of 0.5x LB, 100 mM MOPS buffer, 
150 uL conditioned media, reporter cells at final concentration of OD600 ~ 0.04. For the cells, 
tubes of LB + 100 mM MOPS were inoculated with 500 µL reporter strains at approximately 
 1x108 CFU/mL and rolled at 37 °C until an OD600 ~ 0.4. OD600 was not allowed to overshoot 0.6, 
and generally cells were back diluted to OD600 ~ 0.4 before assay were set up. 
Twenty-eight different conditioned media were screened with the PtapA, PsunA, and PdhbA 
reporters for assay development (Appendix Table 2). At times t=0 hr, 2 hr, 4 hr, 5 hr, 6 hr, and 
24 hr the OD600 of every well was taken using a plate reader (Tecan infinite M200 Pro) and 
luminescence was monitored using a luminometer (Molecular Devices SpectraMax L). In 
between readings, plates were shaken at 150 RPM at 30 °C. The optimal time of 6 hours was 
determined and used for n=3 trials.  
After initial assay development, a systematic screen of 15 conditioned media was 
conducted using the PsunA, PdhbA, PsboA, PpksC, and PppsA reporter strains. A Syngery H1 (BioTek) 
plate reader was used to measure luminescence and OD600 every 30 minutes for 15 hours, with 
30 °C incubation and 180 cycles per minute double orbital rotation between each measurement. 
 
Data analysis and statistical comparisons 
 
 Luminescence was first normalized to cell density by dividing intensity by the OD600. 
Normalized luminescence per well was then compared to the expression level of the reporter in 
full-nutrient medium. For the systematic screen portion, experimental values were also 
normalized to minimal-nutrient medium to account for expression of reporters due to nutrient 
deficiencies. Comparisons are sometimes represented as a ratio of the relative luminescence of 
conditioned media to relative luminescence of control media, as indicated. 
 
 
3. Results 
 
3.1 Different reporter strains have variable response patterns 
 Bacteria can alter their behavior based on the secretion and detection of compounds in 
their environment. Many of these signaling interactions between microbes are unknown. 
Luminescent reporters for an array of known specialized metabolites were created to investigate 
some of the natural chemical communication of environmental bacteria with the soil bacterium 
B. subtilis. Five other large tests and countless smaller ones using PtapA with Bacillus cereus 
(producing the biofilm-inducing metabolite thiocillin14) were performed beforehand to help 
optimize the concentrations, timing, and creation of the 96-well screen described here (data not 
shown). The 5 to 6 hour peak time for signal was determined based on these previous results. 
In the assay development portion, two tiers of "hits" were defined. For PsunA and PdhbA, the 
conditioned medium from a bacterial monoculture was arbitrarily deemed a ‘lower-level’ hit if it 
elicited expression that was 50% greater (1.5x) than the full-nutrient control values, and a 
‘higher-level’ hit if it elicited expression 100% greater (2x) or more than control levels.  
 
  
Figure 1. Different reporter genes exhibit different responses to conditioned media from a panel 
of environmental bacterial monocultures. Max values were from readings at 5 or 6 hours. Red 
arrows indicate the luminescence/OD600  for full-nutrient media control (1x). Grey: the PdhbA 
reporter strain showed specific responses to activator conditioned media (n=3). Orange: the 
PsunA reporter strain had a specific and low response profile (n=3). Blue : the PtapA  elicited 
promiscuous responses to the panel of conditioned media (n=2).  
 
The PsunA and PdhbA reporter strains had small deviations from the control wells for the 
majority of the conditioned media, causing hits to be more prominent (Fig. 1). For PdhbA, 89% of 
conditioned media lead to a response less than 1.5x full-nutrient medium, while conditioned 
media from one monoculture elicited a response of over 11x on average. PdhbA did not have any 
conditioned media that elicited a response over 1.5x full-nutrient medium. For PtapA, due to the 
frequency of hits, the response was deemed too promiscuous for a specific conditioned medium 
to be singled out for further investigation (Fig. 1). With 1.5x as the lower end cutoff, the PtapA 
reporter strain still had responses to 85% of the conditioned media that were categorized as 
hits. Shifting this cutoff higher was not pursued as the reporter strain could be responding to a 
multitude of factors. Separating the complex mixtures down to a single compound causing PtapA 
activation seemed unlikely, so this strain was not pursued further.  
 
3.2 Temporal variation in response patterns between reporter strains 
 Based upon the PtapA growth pattern, it was assumed that the 5 to 6 hour time point was 
optimal. Before this time, I hypothesized that too few cells were present to give a strong signal. 
At some point after this 5 to 6 hour time point, I rationalized that biofilm would form and the 
clumps of cells would skew the optical density readings. B. subtilis is known to produce 
specialized metabolites at different rates depending on the stage of growth of the culture15. In 
 order to test the previous assumption that the 5 to 6 hour time point was optimal, I plotted the 
relative luminescence of PsboA, PpksC, and PppsA over time when provided the same conditioned 
media (from Strain 28, see Appendix Table 2). 
 I found that PsboA, PpksC, and PppsA had different temporal responses to the same 
conditioned media (Figure 2). This suggested that the kinetics of gene expression for each 
reporter should be individually utilized to monitor the optimal timing for the conditioned medium 
assay.  
 
  
Figure 2. A single conditioned medium drives expression of different reporter genes with 
different kinetics. PsboA (purple, n=2), PpksC (red, n=2), and PppsA (green, n=2) relative 
luminescence response to conditioned medium generated from Strain 28.  
 
3.3 Normalization to different controls changes the response pattern 
For the results in section 3.1, the normalized luminescence of each conditioned medium 
was compared to the normalized luminescence of the full-nutrient medium in a narrow time 
range. The full-nutrient medium was used since it was the original nutrient content that the 3 day 
cultures were grown in. The assumption was that the full-nutrient medium was optimal, which 
did not take into account the depletion of nutrients in the conditioned media due to the growth of 
the environmental bacteria. The final concentration of nutrients in each experimental well would 
therefore have less nutrients than the full-nutrient medium wells, which in turn could shift the 
kinetics of growth of the reporter strains. It was predicted that the growth in the conditioned 
media would fall between the upper bound set by the full-nutrient control and the lower bound 
set by the minimal-nutrient control. The response of each conditioned medium was therefore 
compared to high-nutrient and minimal-nutrient controls.  
 
 
  
A)              B) 
    
C) 
 
 
 
 
 
 
 
 
 
  
D) 
  
Figure 3. Normalization to full-nutrient medium versus minimal-nutrient medium varies the 
observed response pattern. A) Cell growth of the PpksC-lux reporter strain as measured by cell 
density (OD600) of Strain 23 (n=1) is different from that of full- (n=3) and minimal-nutrient (n=3) 
media. B) Luminescence of the PpksC-lux reporter deviates from both control media. C) 
Comparing the normalized luminescence from conditioned medium of Strain 23 to minimal-
nutrient control leads to a different activation pattern than when compared to the full-nutrient 
control. D) Earlier luminescence for Strain 23 than either control is an example of a signature 
deviation. 
 
For many conditioned media sources, we found that neither the full-nutrient nor the 
minimal-nutrient controls controls mirrored the growth conditions of the intermediate nutrient 
conditioned media sources (Fig. 3A). For the first 4 to 5 hours, the growth patterns of the full-
nutrient, minimal-nutrient, and conditioned media of Strain 23 were relatively similar. The timing 
of the peaks of luminescence, and how this changed based on nutrient content, changed the 
kinetic profile of the luminescent response to the conditioned media (Fig. 3B). The peak of 
luminescence for the reporter in the conditioned media occurred earlier and was higher than 
either of peaks for the reporter in the control media sources. The response that emerged from 
comparing the relative luminescence of the conditioned media to that of the two controls varied 
in terms of maximum peak time and apparent expression pattern (Fig. 3C). When compared to 
the minimal media, the conditioned media would be considered a “high-level hit” for the majority 
of time between 2 hours and 13 hours. In contrast, when compared to the full-nutrient medium, 
the conditioned media would be considered a “high-level hit”  only from 1.5 to 4 hours. From 
hours 6 through 11, this conditioned media would not even be deemed a “low-level hit.” The 
 deviation in kinetic response when normalized to the two different controls raises concerns over 
which control to compare to for hit-characterization purposes. 
Since the comparative ratio approach gave unclear results, a different data analysis 
approach was implemented: graphing the relative luminescence of the reporter strains exposed 
to conditioned media compared to those obtained when the reporter was exposed to control 
media. For some conditioned media, comparing the kinetic responses of a reporter strain to a 
those of the control results in clear deviations. For example, the conditioned media generated 
by Strain 23, the PpksC reporter strain begins its peak of higher relative luminescence earlier than 
either of the two controls (Fig. 3D). For the first 4 hours, the relative luminescence of both the 
full-nutrient and minimal-nutrient medium are fairly similar, while the luminescent response of 
the reporter in the experimental conditioned media is distinct. It should be noted that while this 
deviation is clear from a kinetics graph, other measures may miss this deviation. For instance, 
the relative luminescence of the reporter exposed to the conditioned medium from Strain 23 is 
at many times not 2x greater than full-nutrient control, and thus would have been missed using 
our initial cutoffs. This further demonstrates that choosing a single time-point may miss critical 
hits, and that a kinetic approach can show deviations from full- or minimal-nutrient controls that 
a ratio-based approach can not. 
 
Discussion 
In microbial communities, bacteria communicate and interact with each other via 
secreted compounds. Here, luminescent B. subtilis reporter strains were created to measure the 
production of six specialized metabolites. A high throughput screen was designed and optimized 
to detect bacteria producing compounds that activate the gene expression of these metabolites. 
The relative luminescence for three reporter strains were initially compared to a full-nutrient 
control at a given time. While PsunA and PdhbA had specific or no responses to a panel of 28 
conditioned media,  PtapA showed a promiscuous response.  
A number of assumptions were initially made during this primary screen that were later 
proven wrong. The first assumption was that peak luminescence occurred at 5 to 6 hours. This 
did not hold true for the PsboA, PpksC, and PppsA reporters; instead, a kinetic analysis of the 
luminescence response to a single conditioned medium showed that these different reporter 
strains all had variable responses in terms of their peak luminescence. The second assumption 
was that the effects of the conditioned media should be compared (in a ratio) to the responses 
to the full-nutrient medium. We presumed that the conditioned media would have a nutrient 
concentration somewhere between the full-nutrient medium and the minimal-nutrient medium – 
in other words, we assumed that the growth of bacteria during the generation of the conditioned 
media would consume some but not all of the original nutrients, and thus that the full-nutrient 
control would serve as the best comparison for the experimental condition. Instead what we 
observed was that the choice of the control medium was critical and greatly influenced the 
“signal” detected for the conditioned media. This suggested that the media used for the control 
comparison is influential and therefore deserves deliberation. 
These experiments indicated the complexity of identifying ‘hits’ – deviations from typical 
specialized metabolite gene expression as a result of exposure to secreted compounds from the 
conditioned media of environmental bacteria. A confounding factor was the difference in growth 
rates of the B. subtilis reporter strains based upon nutrient availability. Specifically, cells in high-
 nutrient medium grow for a longer time and to a higher optical density compared to those grown 
in low-nutrient medium. This shift in growth kinetics is impotant because bacteria express 
different metabolites at different stages of their growth (i.e. lag phase, log growth, stationary 
phase, etc.)15. As a result, nutrient concentration, which influences population density, may also 
influences the timing of the expression of each specialized metabolite. The interdependence of 
nutrient concentration, growth rate, and metabolite production confound the interpretation of the 
results from the conditioned media.  
 The data so far suggest that the results from the conditioned media must be individually 
compared against both the full- and minimal-nutrient medium. Since the nutrient content of the 
conditioned media, and the rate of reporter strain growth they elicit, can be intermediate 
between the growth elicited by full- and minimal-medium controls, neither control is perfect.  
After accounting for these influences, however, we could still identify ‘hits’, or 
conditioned media that altered the gene expression of the B. subtilis specialized metabolites 
relative to the control wells. This suggests that these conditioned media may contain molecules 
that activate gene expression of the B. subtilis specialized metabolites. We typically observed 
this luminescence induction earlier than peak luminescence was detected in either of the 
controls. This is consistent with the observation that the growth was similar in both controls for 
the first four hours, and suggests that looking at the effects of conditioned media during these 
early time points may be the more straightforward way to detect positive hits. 
Once a conditioned media source is deemed to elicit specialized metabolite gene 
expression, liquid chromatography and other separation techniques can be used to isolate the 
signaling compound, which can then be structurally elucidated using a combination of mass 
spectrometry and NMR. We are currently pursuing purification of the signaling molecules from 
the conditioned media from Strain 5 (for PdhbA) and from Strain 23 (for PpksC). 
In the future, the reporter strain panel that I generated can be expanded to include other 
metabolites such as those involved in sporulation, competence, and production of other 
secreted compounds. A possible next step to improve the high-throughput screen would be to 
systematically alter to nutrient concentrations to find a condition that minimizes the deviation in 
responses attributable to nutrient content; this might result in a smaller discrepancy when 
comparing the effects of the conditioned media to either of the nutrient-only controls. One 
possible approach would be to modify the base nutrient content added to each well, which 
currently is 0.5x Luria Broth. Another approach would be to modify the production of the 
conditioned media to attempt to minimize the variability between samples. For example, 
conditioned media could be generated for less than 10 hours, reducing the amount of nutrients 
consumed and therefore increasing the similarity to the full-nutrient control; a possible negative 
of this approach is that the low growth might also decrease the production of any potential 
signaling compounds. Alternatively, cells could be grown for a longer period of time in orderto  
deplete more nutrients (and make each conditioned medium similar to the minimal-nutrient 
control); one drawback of this approach is that some secreted factors may degrade over a 
week. 
I have designed a procedure to rapidly screen many samples and determine if the 
conditioned media contains one or more compounds that elicits the increased expression of 
specialized metabolite genes of B. subtilis. The screen developed here will not only be useful for 
screening conditioned medium from bacterial monocultures, but also those from bacterial co-
 cultures, chemical libraries of pure or pooled molecules, and other compound sources. The 
flexibility built into the screen is that the conditioned media can come from a wide variety of 
sources and consequently could be used to answer a multitude of questionsCollaborations have 
already been discussed with other labs to use these screens to characterize mutant libraries to 
find deviations in the mutants compared to wild-type cells. 
This research has implications that extend beyond the specific interactions between the 
soil bacteria being studied. The soil community is used here since it is easy to access and rich 
in a variety of bacteria known to secrete a diversity of specialized metabolites. Having a basis of 
understanding of community interactions and key metabolite components in soil microbiomes 
has parallels in the health and agricultural fields. In plants, symbiotic relationships with 
microorganisms can be imperative for nutrient acquisition17. In humans, complex microbiomes 
exist on our skin, inhabit in our mouths and noses, and are crucial to our digestive tract. The gut 
microbiome in particular has medical relevance due to its influence on gastrointestinal health 
and immunity16. Having better knowledge of microbial community interactions may therefore 
lead to novel agricultural practices and improved medicinal practices related to microbiomes.                                 
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Appendix 
  
Appendix Table 1. Primers used for strain creation. 
Primer Name Primer Sequence 
PtapA_EcoRI_Forward CGGAATTCCGGTCACCCTTTCTTTGTTT 
PtapA_HindIII_Reverse CCCAAGCTTGGGCCTGTAAAACACTGTAAC 
 PsspB_EcoRI_Forward CGGAATTCCGCTTTTTTTATTTCTCAAGATTTACC 
PsspB_HindIII_Reverse CCCAAGCTTGGGGTGTAAAATCTCCTTTTTATTTAG 
PsunA_EcoRI_Forward CCGGAATTCAACATAAAAAAGTACCTTCTTAC 
PsunA_HindIII_Reverse GCCCAAGCTTTTGTAAAACCTCCCCATTTG 
PdhbA_EcoRI_Forward CCGGAATTCAGACATACTCAGCCTTGCC 
PdhbA_HindIII_Reverse GCCCAAGCTTATCATCAATTCCTTTCTTCGC 
PcomX-Q_EcoRI_Forward CCGGAATTCAAAAAGACTTGGAAACAAGTC 
PcomX-Q_SalI_Reverse GCCCGTCGACTTTCTCCTTGATCCGG 
PpksC_EcoRI_Forward CCGGAATTCATCCTTCTGAATCTATTATCCTATT 
PpksC_SalI_Reverse GCCCGTCGACTCTCTCAAAGCCACCCTT 
PsboA_EcoRI_Forward CCGGAATTCTTCTGACACGTCCTTTTCATC 
PsboA_SalI_reverse GCCCGTCGACAATTGAATCCTCCCTTTTTTTG 
PbacA_EcoRI_Forward CCGGAATTCAACAAAGTTT CTAAATTCCTATAATT 
PbacA_SalI_Reverse GCCCGTCGACGAGCACCAACCAATCTTTTAAA 
PppsA_EcoRI_Forward CCGGAATTCATAGCGGGAGACCTGTTTTCC 
PppsA_SalI_Reverse GCCCGTCGACCGGATTCCCTCCAGTTCTC 
LuxC Reverse GGGAAAGATTTCAACCTGGCC 
LuxA Reverse CGCGCCAAGTAAATATGCAGCAG 
 BstEII Reverse GCTGGTTACCAAGCAAACC 
pBs3Clux_Forward GTCTGCTTTCTTCATTAGAATCAATCC 
SacA_Forward GGGAGCATGAAGGCACATGG 
  
Appendix Table 2. Strain numbers and 16S rRNA gene BLAST matches. If the species could 
not be deteremined, only the genus is given. N/A designates strains not yet identified. Data 
were collected by Nik Stasulli, Ilon Weinstein, and Lizzy Ademski. 
Strain # Identity 
1 Chryseobacterium indologenes 
2 Chryseobacterium indologenes 
3 N/A 
4 N/A 
5 Pseudomonas fluorescens 
6 Microbacterium sp. 
7 N/A 
8 Pantoea sp. 
9 Acinetobacter haemolyticus 
10 Bacillus subtilis 
11 Pseudomonas fluorescens 
12 N/A 
 13 N/A 
14 N/A 
15 Streptomyces viridochromogenes 
16 Sphingobacterium spiritivorum 
17 Chryseobacterium gleum 
18 Chitinophaga arvensicola 
19 Sphingobacterium multivorum 
20 Chryseobacterium sp. 
21 N/A 
22 N/A 
23 Paenibacillus odorifer 
24 Microbacterium schleiferi 
25 Rhizobium mesosinicum 
26 Acinetobacter tjembergiae 
27 Aeromonas hydrophila 
28 Novosphingobium rosa 
 
